Like the mammalian visual cortex, the fly visual system is organized into retinotopic columns [1, 2] . A widely accepted biophysical model for computing visual motion, the elementary motion detector proposed nearly 50 years ago [3] posits a temporal correlation of spatially separated visual inputs implemented across neighboring retinotopic visual columns. Whereas the inputs are defined [4] , the neural substrate for motion computation remains enigmatic. Indeed, it is not known where in the visual processing hierarchy the computation occurs [5] . Here, we combine genetic manipulations with a novel high-throughput dynamic behavioral analysis system to dissect visual circuits required for directional optomotor responses. An enhancer trap screen of synapse-inactivated neural circuits revealed one particularly striking phenotype, which is completely insensitive to motion yet displays fully intact fast phototaxis, indicating that these animals are generally capable of seeing and walking but are unable to respond to motion stimuli. The enhancer circuit is localized within the first optic relay and strongly labels the only columnar interneuron known to interact with neighboring columns both in the lamina and medulla [6] , spatial synaptic interactions that correspond with the two dominant axes of elementary motion detectors on the retinal lattice [7] .
Like the mammalian visual cortex, the fly visual system is organized into retinotopic columns [1, 2] . A widely accepted biophysical model for computing visual motion, the elementary motion detector proposed nearly 50 years ago [3] posits a temporal correlation of spatially separated visual inputs implemented across neighboring retinotopic visual columns. Whereas the inputs are defined [4] , the neural substrate for motion computation remains enigmatic. Indeed, it is not known where in the visual processing hierarchy the computation occurs [5] . Here, we combine genetic manipulations with a novel high-throughput dynamic behavioral analysis system to dissect visual circuits required for directional optomotor responses. An enhancer trap screen of synapse-inactivated neural circuits revealed one particularly striking phenotype, which is completely insensitive to motion yet displays fully intact fast phototaxis, indicating that these animals are generally capable of seeing and walking but are unable to respond to motion stimuli. The enhancer circuit is localized within the first optic relay and strongly labels the only columnar interneuron known to interact with neighboring columns both in the lamina and medulla [6] , spatial synaptic interactions that correspond with the two dominant axes of elementary motion detectors on the retinal lattice [7] .
Results and Discussion
We used molecular genetic techniques to manipulate neural circuits that mediate two well-known visual behaviors in freely behaving fruit flies: motion-dependent optomotor responses and stationary light-elicited phototaxis responses. To efficiently analyze large numbers of individuals and multiple fly lines, we devised a simple yet robust high-throughput assay that tracks the real-time spatial distribution of up to 100 walking flies responding with either optomotor reflexes to panoramic image movement or fast phototaxis toward a stationary narrow-band light source ( Figure 1A ). To generate apparent motion, an array of LED panels [8] fashioned into a three-sided visual ''hallway'' displays a computer-controlled centrifugal-centripetal cycling motion stimulus. Dark stripes against a bright background continuously drift from the center of the hallway toward opposite ends and then switch direction to converge at the center. Flies are contained within a clear acrylic tube in the center of the hallway and tend to distribute themselves evenly along the length of the tube prior to visual stimulation. Wild-type flies move against the direction of image motion such that, in response to centrifugal motion, flies rapidly converge at the center; after a switch to centripetal motion, they segregate equally to the two ends of the hallway arena ( Figure 1B) . Similarly, flies exhibit positive phototaxis and rapidly converge upon a high-intensity LED in the center of the hallway. The spatial distribution of the population over the length of the hallway is calculated online for each video frame in real time and thus provides rapid spatiotemporal measurements of the group walking behavior ( Figure 1B) .
Flies show remarkably rapid and robust responses in this visual assay. For optomotor responses, more than 90% of the flies accumulate at the center of the hallway within 20 s after the onset of centrifugal motion stimuli ( Figure 1B and Movie S1 available online). Periodic direction reversals show that the response is reversible and durable; the aggregate walking behavior can be reiterated over at least 10 consecutive direction-reversal cycles over 10 min without an apparent decrease in response strength ( Figure S1 ). Remarkably, for the same flies, phototaxis responses are faster than motion responses; the half-maximum amplitude of phototaxis response of wild-type flies occurs at 6.8 s, compared to 10.4 s for the motion trial (compare motion responses in Figure 1C with phototaxis in Figure 1E ). With this high-throughput assay, we can repeatedly assess both optomotor reflexes and phototaxis behavior in hundreds of animals within several minutes.
In part to validate the walking assay, we first examined the functional role of R1-R6 photoreceptor neurons for motion processing and phototaxis. The ninaE gene codes for Rh1, the broad spectrum rhodopsin expressed in R1-R6, and is therefore crucial for light detection under normal conditions [9, 10] . Flies without ninaE showed no detectable motion responses ( Figures 1D and 1G ) and largely compromised phototaxis to blue and UV light ( Figures 1F and 1G ), thus indicating a functional role for the UV absorption peak observed for Rh1 [11, 12] . However, the ninaE flies showed normal responses to green light. This is consistent with the spectral sensitivity of Rh6-expressing R8 photoreceptors, which are intact in ninaE flies. The normal phototaxis response to green light also confirms that the mutant flies have intact motor function and walking capacity. These results demonstrate that sensitivity to image motion is not required for robust phototaxis.
Next, we used the walking assay in a combined histological and behavioral screen to identify neuronal components that mediate either light-directed or motion-elicited orientation. We used the UAS/Gal4 system [13] to perform a confocal microscopy-based histological screen for Gal4 enhancer trap lines that are expressed in specific groups of neurons of the visual system. We manipulated these circuits with tetanus neurotoxin light chain (TNT), which cleaves neuronal synaptobrevin to suppress synaptic transmission and thus has been used to study the behavioral consequences of circuit inactivation [14] [15] [16] .
In the first visual relay, the lamina, each retinotopic column contains five large monopolar (L) cells: L1-L5. From a screen of more than 300 enhancer trap lines, 1 (termed Ln-Gal4)
showed expression tightly restricted to the lamina ( Figures  2A, 2B , and S2). Morphological criteria, analyses of singlecell MARCM clones [17] , and labeling of L4s and L5s with anti-BSH antibody together reveal that Ln strongly labels L3s and L4s and is expressed at lower level in L2s and L5s ( Figures  2B and S2 ). Expression in L1 was undetectable with standard [35] . The average spatial distribution of the population over the length of the hallway is calculated in real time. Striped patterns provide motion cues, whereas individual LEDs provide motion-independent phototaxis cues. Pattern speed is always greater than the walking speed of the flies. Inset shows the portion of the hallway (about 94% of the full length) that is quantified for this study. GFP staining but labeled weakly with multiple copies of UASmCD8-GFP and UAS-N-sybGFP. The noteworthy feature of this driver is its specificity for lamina cells.
Inactivating this complement of lamina neurons produced flies that were completely insensitive to visual motion cues in any visual assay. In the walking arena, both control progeny of Ln-Gal4 flies mated with wild-type Canton-S (Ln-Gal4/+), and UAS-TNT/+ flies responded normally to motion signals by converging at the center of the hallway and then dispersing upon motion reversal. Normal optomotor behavior is apparent both in the full spatiotemporal distribution of flies along the hallway ( Figure 2C , left panel) and in the temporal dynamics of those flies converging upon the origin of the drifting patterns at the center of the hallway ( Figure 2C , right panel). On the other hand, crossing Ln-Gal4 with UAS-TNT eliminated all motion responses ( Figures 2D and 2E ). The loss-of-motion responses in the Ln-Gal4/UAS-TNT flies persist under all combinations of spatial, temporal, and contrast conditions tested and also in a standard optomotor flight assay in which these flies failed to respond to either progressive (back-tofront) or regressive (front-to-back) motion (data not shown).
We next assessed whether the motion blindness by LnGal4/UAS-TNT requires Gal4 activity specifically in the adult fly. We used the Gal4 repressor tubulin-Gal80 ts to conditionally suppress TNT expression in Ln-Gal4/UAS-TNT flies by raising them from embryos through 5-day-old adults under the permissive temperature for Gal80, which, in turn, suppresses TNT expression [18] . To evoke TNT expression specifically in the adult, we shifted 5-day-old flies to a nonpermissive temperature to inactivate Gal80 and release TNT expression and then shifted them back to the permissive temperature for recovery such that all behavioral tests were performed at room temperature. When kept at the permissive temperature (i.e., no synaptic inactivation), tubulin-Gal80 ts /Ln-Gal4/UAS-TNT flies showed normal motion-dependent optomotor responses, but responses decreased by w80% when the same flies were shifted to the nonpermissive temperature ( Figure 2F ). Thus, acute Ln-Gal4-driven TNT expression in adult flies is sufficient to interfere with motion detection.
The behavioral phenotype of Ln-Gal4/UAS-TNT flies is remarkably specific to motion sensitivity. Though they exhibit no detectable motion-elicited optomotor reflexes, these flies are not generally blind but, rather, display notably stronger positive phototaxis than do the control flies for each tested wavelength ( Figure 2G ). Inactivating the Ln circuit, therefore, generates a motion-specific optomotor deficit rather than overt blindness or general locomotor disruption, providing a unique perspective on the early stages of motion processing and indicating that phototaxis can be uncoupled from optomotor function.
By contrast to the Ln-Gal4 driver, motion blindness is not observed upon inactivating other transmedullary circuits from our enhancer trap screen that, for example, include neurons TmY1, TmY2, or C2 ( Figure S3 ). The lamina circuit composed of L1 and L2 is thought to form redundant primary inputs to motion computation under the contrast conditions commonly used in vision experiments [4] . Motion blindness results only from inactivating both of the lamina monopolar cells L1 and L2, but not when either alone is manipulated; phototaxis was not tested [4] . Because L2 may be weakly labeled in our Ln driver, we next used other Gal4 drivers to examine motion responses by inactivating L1 or L2 with the existing markers. However, it must be noted that, although these lines show much higher expression levels in L1 and L2 than does our own Ln line, expression is not restricted to the lamina but, rather, extends into much of the visual system [4] .
Because we included L1 and L2 lines for analysis, we added two tethered flight assays to facilitate direct comparisons to previous results [4] . The landing reflex comprises rapid leg extension in response to a looming object ( Figure 3A ) [19] . Neither ninaE nor Ln-Gal4/UAS-TNT flies exhibit motionelicited landing reflexes ( Figures 3B and 3C ), although they are capable of spontaneous leg extension. Inactivation of either the L1 or L2 lamina neurons alone had little impact on these behaviors, which is consistent with previous findings [4] . For the L1-TNT flies, landing responses were reduced somewhat but were robust by comparison to ninaE or LnGal4/UAS-TNT flies ( Figure 3D ). The L2-inactivated flies showed no significant deficits in response to the landing stimulus ( Figure 3E) . In response to a striped pattern that rotates around the anterior-posterior body axis, the fly rotates its head in an attempt to minimize retinal slip ( Figure 3F ) [4] . Neither landing nor headroll responses were detected in ninaE flies ( Figure 3G ), which confirms that photoreceptors R1-R6 provide the input for behaviors requiring motion processing [20] . Similarly, head roll was undetectable in the Ln-Gal4/UAS-TNT flies ( Figure 3H ). Next, we tested two additional lines with strong Gal4 expression in both L1 and L2. One line was created by combining L1-Gal4 and L2-Gal4, and the other was used in a previous study (L1L2B-Gal4) [4] . Upon TNT inactivation, both lines continue to show significant head-roll responses by comparison to the controls (Figures 3I and 3J) .
This result contrasts with the findings of Rister et al., who show that inactivating L1 and L2 together abolishes head-roll reactions. The apparent discrepancy is most likely explained by the constraints of the different inactivators used by us and Rister et al. Whereas TNT has been widely used in neurobehavioral genetic analyses, it has been shown to be ineffective in photoreceptors [21] and, as such, might fail to fully inactivate their postsynaptic targets, including L1 and L2. Rister et al. inactivated L1 and L2 with a temperature-sensitive allele of shibire [22] . However, the temperature regime required for shi ts strongly interfered with walking behavior in our assay. Although TNT may be minimally effective within L1 and L2, it is apparently effective in other brain regions, given that both of the L1L2/UAS-TNT lines of flies were lethargic and unable to participate in the walking paradigm and, of course, Ln-Gal4/UAS-TNT completely eliminates motion responses.
Therefore, several lines of evidence suggest that, for the Ln-Gal4/UAS-TNT phenotype, signaling is preserved through the L1 pathway and quite possibly through both L1 and L2. First, using TNT to inactivate these cells has little influence on motion responses. Second, phototaxis responses to wavelengths that stimulate photoreceptors R1-R6 and, hence, both L1 and L2 postsynaptically are fully intact in the Ln-Gal4/UAS-TNT flies (Figure 2) . Indeed, the phototaxis responses in these animals are significantly stronger than for the intact controls, particularly for green light. Signaling through the lamina would account for the robust phototaxis behavior because without R1-R6 signaling in ninaE flies, phototaxis responses are compromised ( Figures 1F and 1G) .
The opposite influence upon optomotor and phototaxis behavior of inactivating the Ln circuit raises the question of whether this is a property unique to the Ln circuit. We compared motion and phototaxis responses in the walking assay and found that any manipulation to L1 or L2 resulted in reduced phototaxis responses to UV. However, phototaxis responses to green light were not significantly affected (Table  S1 ). This is in direct contrast to the Ln circuit, which enhances phototaxis responses, particularly for green light.
The remarkable specificity of the Ln driver for lamina circuits coupled with the stringent behavioral phenotype-motion blindness and enhanced phototaxis-suggests that functional segregation of the two behaviors occurs early in the visual pathway. In classical physiological experiments, lamina neurons have been shown to function in tandem with photoreceptors as light-level adaptive high-pass filters [23, 24] . Recent electrophysiological analyses have further suggested that the ON-OFF transient response properties of lamina projection neurons may underlie the remarkably high-performance discrimination of small objects embedded within a background of visual clutter by downstream target-detecting interneurons [25] . Our results provide additional genetic and functional evidence for complex processing within peripheral visual circuits.
Which neurons implement these computations? TNT does not influence motion sensitivity in L1+L2 ( Figures 3I and 3J) , suggesting that this circuit does not mediate the motion-blind Ln phenotype. By using a combination of selective genetic inactivation and selective rescue experiments with L1 and L2, Rister et al. concluded that other lamina neurons (L3 and L5) are neither necessary nor sufficient for motion detection [4] , though both receive either direct or indirect input from the photoreceptors [6] . Due to the conflicting results of L1+L2 manipulation, our experiments neither confirm nor refute any potential role of L3 and L5, which are labeled by our Ln driver. However, L4 is strongly labeled by Ln (Figures  2 and S2 ) and is the only lamina cell that provides regular synaptic connections between neighboring optic columns. Spatiotemporal correlation of light signals from two neighboring visual columns is a hallmark of elementary motion detection. Thus, we are compelled by the hypothesis that inactivation of L4, in part, underlies the elimination of motion responses in our assays.
The topology and ultrastructural organization of L4 within the lamina implicates this neuron for elementary motion computations. In Drosophila, physiological and behavioral studies have disclosed that the spatial separation of EMD inputs ( Figure S4A ) corresponds to that of the ommatidia lattice, indicating that adjacent visual columns function as paired input arms of the EMD [26] . In addition, a classic study revealed two sets of primary EMDs with approximately equal strength and oriented across the hexagonal array of the compound eye at 230 (2X direction) and +30
(+Y direction) with respect to the equator ( Figure S4B ) [7] . According to SEM reconstructions, there are only two cellular connections between visual columns in the lamina: an irregular amacrine network not involved in motion processing [4, 5] and an ordered L4 network that projects between posteroventral and posterodorsal columns [6] . By aligning the coordinate systems of the functional and anatomical studies, we found that the topology of L4 connections precisely matches that of the required interconnection of EMD arrays; through two sister collaterals, each L4 projects to two L2s in neighboring posteroventral (2X) and posterodorsal (+Y) columns ( Figure S4C ).
If L4 receives direct input from L2 in the lamina and if L4 is critical for motion coding, why then does inactivating L2 not produce motion blindness ( [4] and Figures 3E, 3I , and 3J)? One possibility is that input to L4 from an amacrine cell [6] could be amplified under conditions in which L2 input is removed. Feedback-dependent mechanisms have been shown to amplify photoreceptor output upon inactivation of postsynaptic histamine channels [27] . The anatomical organization of L4 columnar collaterals is observed within both the lamina and the medulla and is conserved across species [28] [29] [30] [31] [32] . Therefore, another possibility is that synaptic connections to L4 within the medulla, which are presently enigmatic, may carry the requisite inputs.
Definitive characterization of the specific cell circuit that is responsible for the remarkable behavioral phenotype of Ln-Gal4/UAS-TNT flies will require advanced histological reagents and electrophysiological analyses. The results presented here lay the groundwork by highlighting lamina and medulla circuits that are vital for conditioning early motion signals. When considered in conjunction with other recent results [4, 25, 27] , our data emphasize the important role that lamina circuits play in ultimately orchestrating complex visual behaviors such as color vision, phototaxis, and motion-dependent optomotor behaviors.
Experimental Procedures Animals and Preparation
All fly stocks were crossed into a common Canton-S background regardless of original genetic background. ninaE 17 (rh1) was kindly provided by R. Strauss. The pGal4 enhancer trap collection was kindly provided by U. Heberlein. Line 11-164, renamed to Ln here, has been recently described [33] . L1-Gal4, L2-Gal4, and L1L2B-Gal4 were kindly provided by M. Heisenberg [4] . The L1-Gal4 and L2-Gal4 were combined to generate the L1+L2-Gal4 line. Canton-S, tub-Gal80ts (on the second chromosome) was provided by the Bloomington stock center. Flies were raised at room temperature (21 -25 C) under 16:8 hr light-dark photoperiod. Crosses were set up in bottles, and adult flies were collected every 2-3 days for sorting. Male flies with correct genotypes were isolated and kept in bottles for at least 2 days before testing. Seventy-five flies 8 days or older posteclosion were loaded into translucent square acrylic tubes (inside dimensions: 200 3 10 3 10 mm, wall thickness 1.5 mm) and sealed at both ends with transparent tape. Rat anti-elav was from the developmental studies hybridoma bank. Anti-BSH (guinea pig) was described in Schmucker et al. [34] .
LED Arena and Visual Behavior Assay
The visual hallway was composed of three rows of six snap-together 8 3 8 dot matrix LED panels controlled with a serial interface and custom software routines written in Matlab [8] . The top of the hallway is open for imaging. Cell phone vibrating motors (Digi-KEY) were attached to an acrylic stand supporting the chamber and were activated by computer. Flies were startled for 10 s before each experimental treatment to evoke optimal locomotor performance. It has been previously reported that startling flies enhances phototactic performance [35] . We found no differences in optomotor walking performance between male and female Canton-S flies. In preliminary experiments [36] , we characterized the optimal motion stimuli: 3.2 cm striped pattern wavelength drifting at 10 cm sec 21 and viewed at a distance of 1 cm. For phototaxis assays, LEDs with peak emissions of 374 nm (UV), 474 nm (blue), and 531 nm (green) were used. These emission peaks match the absorption peaks of Rh1 (480 nm), Rh4 (375 nm), and approximate Rh5 (435 nm) and Rh6 (508 nm). White LEDs have a broad continuous emission range from 450 nm to 650 nm and were used to draw animals back toward the ends of the walking hallway. Infrared reflectance images of the flies were captured with a firewire camera (BASLER A601f) equipped with 850 nm long-pass filters (Edmund Scientific). Images were collected and processed at a frame rate of 5 Hz.
Image Analysis
Each image was collected and thresholded to a binary black and white image. The length of the arena was divided into 40 5 mm sections, and the total pixel intensity within each section was measured. The chamber allowed flies to crawl on all four sides. This allows the maximum degrees of behavioral freedom because flies can walk past one another on the floors, walls, or ceiling of the arena. By design, flies converging upon the center of the arena may, therefore, occlude one another from the camera view. Thus, we are conservatively underestimating the true amplitude of the transit probability histogram. However, we can clearly detect that flies converging on the center of the arena have vacated the surrounding regions, and because this is a closed system, we have an accurate measurement of the flies' locations. We established a baseline group transit distribution by monitoring the 75 flies for 3 min and then finding the video frame that showed the largest total pixel intensity due to the broadest spatial distribution of flies. This single frame served as a baseline against which to normalize the stimulus-evoked changes in transit distribution. Thus, at any time point, the center distribution is defined as the fraction of flies accumulating within the central 30 mm of the arena minus the distribution that would occur in this region solely by chance, or: center distribution = (sum of nonzero pixels at center region)/(maximum of overall nonzero pixels of the whole chamber) -baseline distribution. For the bar graphs, the mean response is defined as the amplitude of the center transit distribution during the last 10 s of the centrifugal test condition (for motion responses) or central point source light-emitting diode ON (for phototaxis).
Tethered Flight, Landing, and Head-Roll Assays Visual experiments with tethered flight were performed as previously described [37] . Stimuli were composed of either a single vertical stripe 30 wide or a uniform pattern of vertical stripes moving at a contrast frequency of 12 Hz. In the landing test, tethered flies were presented with high-contrast looming (expanding) square from the front while the dorsal view of the fly was video recorded at 30 Hz. The image areas around the extended forelegs were analyzed by custom software that compared the pixel intensity resulting from leg extension to the intensity of the thorax of the same fly in order to control for body size variations. We then normalized the resulting timevarying changes in local image intensity to the maximum values exhibited by wild-type flies. In the head-roll assay, a drum-shaped LED arena projected a rolling image of stripes around the longitudinal body axis of a tethered fly. A video camera recorded the frontal image of the head and digitized this view at 15 Hz. The resulting image was analyzed for the angular deviation of the head around the body axis. By convention, clockwise rotation is indicated by positive values.
Histology
Immunostaining of adult fly brains, confocal analysis, and MARCM was performed as previously described [33] . Identification of cell types was based on description of previous Golgi staining [38] .
Gal80
ts with Temperature Shift Flies with tubulin-Gal80 ts were raised at room temperature (22 ) . Adult flies (75) were placed into a prewarmed bottle and kept at 32 F for 18 hr. Afterward, flies were transferred into another bottle and kept at room temperature to recover for 2 hr prior to experiments (all performed at room temperature).
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